Solid-state quantum emitters are prime candidates for the realization of fast, on-demand single-photon sources. The improvement in photon emission rate and collection efficiency for point-like emitters can be achieved by using a near-field coupling to nanophotonic structures. Plasmonic metamaterials with hyperbolic dispersion have previously been demonstrated to significantly increase the fluorescence decay rates from dipolar emitters due to a large broadband density of plasmonic modes supported by such metamaterials. However, the emission coupled to the plasmonic modes must then be outcoupled into the far field before it succumbs to ohmic losses. We propose a nano-grooved hyperbolic metamaterial that improves the collection efficiency by several times compared to a conventional planar lamellar hyperbolic metamaterial. Our approach can be utilized to achieve broadband enhancement of emission for diverse types of quantum emitters. Efficient generation of single photons is important for applications in quantum information, such as quantum computation [1], quantum key distribution [2] , and transfer of quantum information [3] . Ideally, such a source must produce only one photon on demand with a high repetition rate and directionality. Integrated single-photon sources (SPS) have been demonstrated based on various emitters, including color centers in diamond [4] [5] [6] [7] [8] ; quantum dots [9] ; and defects in SiC [10], ZnO [11], and two-dimensional (2D) materials [12] . Numerous applications in quantum communications, such as quantum key distribution and the generation of large cluster states, require deterministically controlled SPS. A deterministic SPS can be achieved by efficiently collecting the fluorescence signal from a single-photon emitter. Efficient photon collection is also important for magnetometry [13] [14] [15] The spectral response in these structures, however, is still limited by the resonance condition.
Solid-state quantum emitters are prime candidates for the realization of fast, on-demand single-photon sources. The improvement in photon emission rate and collection efficiency for point-like emitters can be achieved by using a near-field coupling to nanophotonic structures. Plasmonic metamaterials with hyperbolic dispersion have previously been demonstrated to significantly increase the fluorescence decay rates from dipolar emitters due to a large broadband density of plasmonic modes supported by such metamaterials. However, the emission coupled to the plasmonic modes must then be outcoupled into the far field before it succumbs to ohmic losses. We propose a nano-grooved hyperbolic metamaterial that improves the collection efficiency by several times compared to a conventional planar lamellar hyperbolic metamaterial. Our approach can be utilized to achieve broadband enhancement of emission for diverse types of quantum emitters. Efficient generation of single photons is important for applications in quantum information, such as quantum computation [1] , quantum key distribution [2] , and transfer of quantum information [3] . Ideally, such a source must produce only one photon on demand with a high repetition rate and directionality. Integrated single-photon sources (SPS) have been demonstrated based on various emitters, including color centers in diamond [4] [5] [6] [7] [8] ; quantum dots [9] ; and defects in SiC [10] , ZnO [11] , and two-dimensional (2D) materials [12] . Numerous applications in quantum communications, such as quantum key distribution and the generation of large cluster states, require deterministically controlled SPS. A deterministic SPS can be achieved by efficiently collecting the fluorescence signal from a single-photon emitter. Efficient photon collection is also important for magnetometry [13] [14] [15] and biosensing [16] applications where emitter ensembles are utilized. The improvement in photon emission rate and collection efficiency for point-like emitters can be achieved by near-field coupling to nanophotonic/plasmonic structures, such as plasmonic waveguides [17] , bullseye gratings [18] , as well as photonic crystals [19, 20] , nanopatch [21] , and Yagi-Uda [22] antennas. In the case of emitters with relatively broad emission spectra, dielectric structures such as photonic crystal cavities may not fit well, since they only enhance a relatively narrow part of the emission spectrum. Plasmonic nanoantennas such as patch antennas [23] [24] [25] or bullseye gratings [26, 27] and other structures (see [28] for a recent comprehensive review) provide broader resonances, suitable for specific room-temperature emitters. The spectral response in these structures, however, is still limited by the resonance condition.
Metamaterials with hyperbolic dispersion, known as hyperbolic metamaterials (HMM) [29] [30] [31] [32] , were shown to provide very large enhancement of the photonic density of states in a broad wavelength range. The enhanced density of states in HMMs is not caused by a resonance, but instead results from the HMM's highly anisotropic optical behavior. Hence, nearfield coupling of SPS to an HMM can lead to a significant broadband enhancement of the emission rate [33] [34] [35] . This enhancement occurs as long as the emission spectrally overlaps with the frequency region of the hyperbolic dispersion. HMMs are therefore uniquely suitable for efficient coupling to a variety of emitters. However, previous experimental studies of emitters on planar HMMs [36] [37] [38] [39] [40] showed that the power emitted by a dipole emitter (which is released in the form of propagating plasmonic waves inside of the HMM) is eventually dissipated inside the metamaterial due to ohmic losses [41, 42] . Patterning of the HMM surface can scatter the HMM plasmonic waves into the far field, significantly improving the photon collection efficiency [27, [43] [44] [45] . In this work, we propose utilizing a nanostructured HMM to improve the collection efficiency over a broad wavelength range (600-800 nm).
Numerical modeling is performed using a commercial finite element solver (COMSOL Multiphysics, Wave Optics Module). The proposed design is based on a circular groove defined in a planar lamellar HMM grown on a metal substrate (see Fig. 1 ). We analyze the power collection efficiency dependence on the groove geometrical parameters, dipole orientation, and emission wavelength. The outcoupling structure consists of three regions: a central HMM cylinder (0 < r < r c ), a circular groove (r c ≤ r ≤ r g ), and an exterior planar HMM region (r > r g ) (Fig. 1) . Using this structure, we aim at improving the collected photon rate from the emitter compared to the case of a planar, unstructured multilayer HMM. This is achieved by attaining high collection efficiency while keeping a relatively high Purcell factor for both dipole orientations.
The HMM is modeled as a binary superlattice of alternating layers of a crystalline metal (Ag) and dielectric [(Al, Sc)N]. Ag is chosen as the plasmonic material due to its low losses in the visible range and (Al, Sc)N as a crystalline dielectric material, which can be lattice-matched with Ag, resulting in epitaxial films. Epitaxial growth should result in a better control of layer thicknesses and film quality compared to that of an HMM that is composed of polycrystalline/amorphous materials. The figure of merit for the surface plasmon modes for the Ag/(Al, Sc)N HMM is two orders of magnitude higher compared to the epitaxial TiN/(Al, Sc)N HMM [38, 46] . The proposed superlattice can be fabricated adopting the DC magnetron sputtering technique described in Ref. [47] . The planar HMM consists of eight binary layers, with elementary layer thicknesses being t met 10 nm and t diel 20 nm of Ag and (Al, Sc)N, respectively, resulting in a total thickness of t HMM 240 nm. The thickness of the layers is chosen to maximize the Purcell factor at a wavelength of 685 nm. The proposed HMM possesses hyperbolic properties over the entire wavelength range of study. The permittivities of Ag and (Al, Sc)N are ε met −21.84 0.396i [48] and ε diel 5.07 0.12i [38] , respectively. In our simulation, the superstrate is immersion oil with a refractive index of 1.515, and the substrate is made of silver.
The dipole emitter is modeled as a current oscillating inside a 2-nm-diameter sphere. To imitate a nitrogen-vacancy (NV)
and a radius of 25 nm. The emission wavelength was swept between 585 and 785 nm. The total dissipated power is computed as an integral of power flux through a 6-nm-diameter sphere surrounding the emitter sphere. The ratio of the total dissipated power (Pt) for the emitter in the structure and a dipole in the nanodiamond in a vacuum is defined as the Purcell factor (PF). The collected power (Pc) is calculated as an integral through a circular area above the emitter, which mimics the emission collection using a commercially available objective lens with numerical aperture (NA) 1.3 (cross-section angle 59.1°). The collection efficiency β is defined as Pc/Pt. Two different dipole orientations are considered in the study: the radial (r, along the r axis) and axial (z, along the z axis). The emitter is placed at r 0 and z 25 nm above the HMM surface [ Fig. 2(a) ].
The parameter space for this structure is large, including the central cylinder radius (r c ), groove width (w g ), the number of layer pairs, choice of top layer [Ag or (Al, Sc)N], and substrate material (Ag or MgO). Instead of rigorously optimizing the performance over the entire parameter space, we have fixed most parameters using intuitive reasoning. In particular, we chose a cylinder radius r c that allows the formation of a surface plasmon polariton (SPP) mode on the HMM/oil interface [49] 12.9 μm, avoiding plasmonic losses in the cylinder. The top layer is chosen to be dielectric to limit the emitter quenching rate. Ag is proposed as a substrate material to act as a mirror and prevent the propagation of the emission into the substrate. To finalize the design, we optimized the width of the groove w g .
Compared to the case of a planar, unstructured HMM, we observed a significant improvement in β over a broad wavelength range for the proposed groove structure. PF was consistently high (from 24 to 39 for the z dipole and 11 1 for the r dipole) over the studied wavelength range, promising fast emission dynamics typically observed in plasmonic nanostructures. The parameters of the final structure are presented in Fig. 2(a) , and the resulting spectra of β for the z and r dipoles are shown in Figs. 2(b) and 2(c) , respectively. We note that a nanodiamond radius change from 20 to 40 nm results in relative β variations by less than 15%. In the rest of the Letter, we consider the nanodiamond radius to be fixed at 25 nm. Fig. 1 . Geometry of the patterned metamaterial structure used for enhancing the emission rate and collection efficiency from dipolar emitters. Collection efficiency is calculated for an oil immersion objective with NA 1.3 (corresponding cross-section angle 59.1°). However, β behaves very differently depending on the dipole orientation.
The z dipole experiences the strongest coupling to metamaterial modes [41, 42] . In the case of a planar HMM (r c → ∞), the coupling results in β < 3% [ Fig. 2(b) ]. Most of the emitted power eventually gets absorbed in the metamaterial in the form of plasmons without being outcoupled to free space [ Fig. 3(a) ]. Nano-groove patterning of the HMM helps to increase β by at least a factor of 16 across the whole wavelength range compared to the case of a planar HMM. The improvement is mostly attributed to the surface plasmons propagating on the air-HMM interface being scattered into the superstrate by the cylinder corners at r r c [ Fig. 3(b) ].
The groove width (w g ) significantly affects the value of β [ Fig. 3(c) ]. For groove widths under 300 nm, the propagating SPP with a wavelength of about 420 nm experiences tunneling through the groove. When the groove width exceeds the size of the SPP wavelength, the tunneling is prevented, and β reaches the approximate value of 37 3%. The oscillations about the asymptotic value are caused by partial leaking of surface plasmons into the plasmonic cavity that is formed by the walls of the groove.
For the r dipole, the planar HMM essentially acts as a reflecting mirror. This effect results in β of 15%, which is significantly higher compared to the z dipole case. The groove pattern allows increasing β for this dipole orientation to at least 35%. To understand this enhancement, we note that the r dipole emission experiences a different environment depending on the k vector due to the breaking of the cylindrical symmetry. We first consider the field distribution in the plane of the dipole [ Fig. 4(a) ]. The emission with the k vector parallel to the dipole has a plasmonic character. Similar to the case of the z dipole, this emission is entirely lost in a planar HMM. However, in the patterned case, the cylinder corner promotes scattering of this emission into free space. The emission has a predominantly photonic character. In the planar HMM case, some of this emission misses the collection angle and is therefore lost. However, in the case of the patterned HMM [ Fig. 4(b) ], some of these losses are mitigated by scattering at the exterior edge of the groove at r r g ). Thus, the nano-groove patterning helps to direct the emission with different k vectors into the collection angle. The collection efficiency for the r dipole is higher than 35% over the entire wavelength range and reaches almost 70% at 685 nm [ Fig. 2(b) ]. The dip at 725 nm [ Fig. 2(b) ] is caused by a resonant coupling of the emission to the exterior planar HMM.
Dipolar emitters coupled to hyperbolic metamaterials constitute a viable approach to fast and efficient photon sources. Tailored patterning of an HMM surface significantly enhances the photon collection efficiency with a high potential for roomtemperature applications. To achieve efficient collection of radiation, we propose a design with a single nano-groove, which can be implemented using standard nanofabrication techniques. Depending on the dipole orientation and emission k vector, different features of the proposed design are at play to promote efficient collection. Overall, the proposed structure promises a significantly higher collection efficiency over a broad emission spectrum (600-800 nm) for both dipole orientations compared to the case of a planar, unstructured HMM. At least a 16-fold increase in objective coupling efficiency over the Fig. 3 . Power density distribution for a z-oriented dipole on a (a) planar HMM (r c → ∞) and (b) patterned HMM. The structure allows outcoupling at the cylinder corner, resulting in the increase of β by a factor of 40 for a 685-nm emission wavelength. (c) Dependence of β on the groove width w g for the z dipole at a 685-nm emission wavelength. The objective coupling efficiency saturates for the z dipole as the groove becomes wide enough. The SPP that is scattered at the cylinder corner experiences weaker coupling back to the metamaterial. 600-800 nm wavelength range is achieved for the z dipole, and at least 35% efficiency is achieved for the r dipole.
Our results can be experimentally validated using roomtemperature NV centers in nanodiamonds and other types of solid-state quantum emitters. While we have previously demonstrated that random surface defects in planar HMMs could enhance outcoupling of SPP excited by NV centers [38] , the proposed design offers a controllable approach to plasmon outcoupling. This approach promises an improved collection efficiency with a relatively moderate fabrication effort.
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